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FOREWORD

This report documents work done for NASA-MSC, Houston,
Texas, under contract NAS9-6666 with the Research Center of
Lamar State College of Technology. The realization of con-
~tract objectives was initially dependent upon programming
and computing services of the Hybrid Techniques Section,
Computation and Analysis, MSC. Unsuccessful hybrid comput-
ing attempts necessitated several time extensions of the
contract and greater emphasis on computing techniques by
the contractor. A digital computer program prepared by
Dr. Fred M. Young at Lamar Tech enabled numerical results
to be obtained. Hence, the original objectives of develop-
ing a simulation capability for the L/M-RCS system and
utilizing the simulation on a computer were all accomplished
at Lamar Tech.

Activities were coordinated by Mr. Chester A. Vaughan,
Head, Reaction Control Systems Section, Propulsion and Power
Division, MSC. He was assisted by Mr. Lonnie W. Jenkins of

the same group.
57 777w%

) . E. P. Martinez
Pr1nc1pa1 Investigator
Lamar State College of Technology



ABSTRACT

A lumped parameter description of the propellant feed
system for the L/M~-RCS is presented. A simple two-phase
“model for transient flow analysis of an injector is developed.
The injector model couples the feed line description to an
existing engine combustor model, providing a system simulation
capability. :

The results of a digital computer simulation are presented
for several combinations of system parameters. Qualitative and
gquantitative agreement with experimental results is w1th1n
expectations for the scope of the models.

Recommendations are made for improving the quantitative
capability of the simulation models.
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INTRODUCTION

The work presented in this report was supported by a
NASA-MSC contract. It had as its objeétiVesvthe develop-
ment of a simulating capab&lity for the LM/RCS, the simu-~
lation of the system, and the presentation of a qualitative
description of the transient behavior of a preigniter engine.

The Reac¢tion Control System (RCS) for the lunar module
(LM) consists of two systems each containing eight engines.

The two systems are separate but may be inter-connected by
opening cross-feed valves. A cluster of four engines, two
from each system, is located at each of four points on the
extremities of the vehicle as shown in Figure 1. A schematic
of the gas pressurized bi-propellant feed system is shown in
Figure 2. As indicated by observation of these figures,; the
distances between the various engines and their propellant
supply source varies appreciably.

The configuration of the LM-RCS engines and their feed
supply systems is responsible for hydraulic characteristics
capable of severely altering engine performance. Rapid opera-
tion of the solenoid-engine injector valves {shown in Figure 3)
generates elastic waves in the propellant flow. The hypergolic
propellants--the fuel is a\blend of hydrazine (N2H4) and
unsymmetrical dimethyl hydrazine [(CH3)2(NNH2)]; the oxidizer
is nitrogen tetraoxide (N,04)--have different wave propagation
velocities. Thus, hydraulic oscillation in the fuel lines have

different frequencies from those in the oxidizer lines. The
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result is that hydraulic transients produce variable oxidizer
to fuel ratios. 1In addition, flow in the various passages of
the injector--to the pre-igniter cup and through the manifold
"leading to the main injector orificies as shown in Figure 3--~
is in at least two phases immediately after valve opening and
following valve closure. These flows in the internal passages
of the injector are coupled to the thermochemical processes in
the combustion chamber at all time as well as to the oscil-
lating feed system flows when the engine valves are opened.
The manner in which this coupling contributes to the extreme
chamber over-pressures (ignition spike phenomena, Reference 1)
which have been observed (and are in some cases catastrophic)
is unknown, but it is certainly significant. These engines are
required to operate thousands of times for variable durations
as short as ten milliseconds, both in phase and out of phase
with other engines.

In an attempt tc study some of the above mentioned behavior
an analytical program was sponsored by Grumman Aircraft Engineer-
ing Corporation, the system contractor. The study was performed
by the Advanced Technology Laboratories of General Electric
Company. The final report of this investigation was made in
March, 1965, (Referenice 2). The study indicated that the feed
‘syStem produced undesirable engine performance. Undesirabie
performance was verified in pre-production feed-system tests.
The study did not include the present injector configuration.
Although the study was considered to be based on a full range

dynamic model, no allowance was made for the existance of



propellant vapor.

As an ASEE-NASA Summer Faculty Fellow, the preseﬁt investi-
gator developed a mathematical model allowing for the internal
configuration of the injector and more closely representing the
physical processes occurring in it. Figure'4 shows this new
injector model in terms of electrical equivalents for the vari-
ous fluid flow elements. The essential characteristic of the
elements in this injector was that the flow resistance of the
orifices and the capacitance of the fluid accumulating cavities
were pressure dependent. The pressure was compared with the
propellant vapor preséure to determine the phase of the fluid.

A combination of the new ihjector model, a feed-system
model of the type used by General Electric énd a version of
General Electric's combustbr model up-dated by Grumman RCS
personnel was submitted for programming to personnel of the
hybrid computing facility at the Manned Spacecraft Center.

The programmed material was to provide a simulation of a RCS
thermochemical test facility for the purpose of comparing the
computer simulation with measured data from the facility. The
contract was for the purpose of rendering guidance, evaluation,
any necessary modification, and, ultimately, utilizatidn of the
computation effort for simulating an actual LM-RCS system.

The computing efforts were unsatisfactory for over a year and

a half. This eliminated any possibility for modification and
utilization of the simulation. In order to achieve a reasonable
time scaling in the hybrid computer, the fluid phase changing -

capability of the model coupled with digital-analog interconnect
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errors produced instabilities in the computation.

In an effort to obtain some evaluation of the model, an
all digital program was written and executed on the CDC 3300
‘computer of the Lamar Research Center. The computation time
required for an all digital simulation being much larger than
that required for a hybrid simulation necessitated shorter
simulation runs. Since the initiation of the computation
effort, experimehtal data for an actual LM-RCS system firing
under vacuum conditions became available at MSC. In view of
the two factors mentioned above, it was decided to employ an
approximate model of the LM system by using the less complex
computation model previously developed for the thermochemical
test facility. This required that only one active engine be
allowed. It was reasoned that the best model approximation
couild be obtained by letting the active engine be a system "A"
engine located in quad 2 (thus, engine 13 was represented as
the active engine of the model). It should be noted that by
employing this technique large parts of the feed system were
lumped and treated as individualvelements. This report
presents the results and conclusions drawn from this compu-

tation effort.



METHOD OF ANALYSIS

Feed System

The equations governing the flow of propellant in the

feed system are: The non-linear partial differential equations

of fluid mechanics or their integrals, thermodynamic and state
equations, and the elasticity equations of the propellant
piping. The most recent techniques for treating these equations
with digital computers for transient liquids and liquids with
entrained inert gas are presented and discussed in Reference 3.
Conventional methods of analytical treatment and reduction to
forms suitable for analog computers are in References 4 and 5.
In the present liquid feed system analysis isothermal
quasistatic conditions are assumed; the liquid bulk modulus
was considered constant as was that of pressurant gas when en-
trained in the liquid; and the thin-walled cylindrical pressure
vessel equation was presumed to represent the elastic behavior
of the piping. The friction~joint method of concentrating
fluid friction effects in the form of a Darcy-Weisback pressure
drop relation at regular intervals along the flow conduit was
utilized (Reference‘4). The velocities in regions between
friction joints were considered to be small in comparison to
fluid accelerations. The equations describing the flow in
these regions then reduce to a pair of equations whose solutions
can be generated from soiutions of the classical one-dimensional
wave equations (Reference 4). For sufficiently small regions

(i.e., for a large enough number of friction joints distributed
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over the system so that they are closely spaced), the assump-
tion of uniform time derivatives is permitted and allows the
equations to be written in lumped form similar to those of
lumped capacitive and inductive electrical elements. These
methods were utilized in the General Electric Study as well as
in this study. Their development is included in Appendix A
and their use is outlined below.

The first step of the technique for lumping parameters in
a fluid system is the division of the system into regions. The
regions are separated by friction joints. All friction in é
"region is represented by a Darcy-Weisback friction factor and
equivalent length. The frictional effects of all friction
sources are then concentrated at the friction joints on the
boundaries of the region. The fraction of the total friction
concentrated at each joint is weighted according to the equiva-
lent distance from the friction source to the opposite friction
joint. Thus, due to N friction sources in a region of total

equivalent liength pipe friction factor f, and pipe diameter

tar
D the magnitude of the pressure drop due to friction which is
concentrated at each of two friction joints iocated at xg = 0

and xgq = 1, is respectively

- APEX o = .g. " 21 (;&'e)k Le~ (Xa) k i pVZ
(1) © = L le J 2
and n -
APl i =% § (1) (x_.) on
Xe=le Z e’k e’k
(2) | D k=1 le 2

where p is the fluid density, (x,)yx is the average equivalent
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distance of the kth friction source from the friction joint
at xg = o, and (1g)x is the equivalent length of the xth
friction source; i.e., {4 =k§l(le)k. Once the friction has
. been concentrated at the appropriate friction joint, the flow
in the interior region is considered frictionless. |

In this report, the region of feed line between‘two
adjacent friction joints is referred to as a line module. Two
line modules were used in this study. If the flow within a
line module were actually frictionless, it would be described
by the classical wave equation. Denoting the velocity of

propagation of a wave created by any disturbance in the region

Ll L1}

by "a the classical theory allows the wave to propagate back
and forth through the region with a frequency of a/4i where 1t
is the iength of the region. When lumping parameters in a
fluid line, as was done in this analysis, excitation frequencies
in the order of twice the hatural frequency of the module can:
be aliowed; i.e., 2 a/4i = a/21 (Reference 2). The total
length of the thermochemical test facility feed line that was
to be simulated was approximately 5 feet. This simulation
would have allowed disturbing frequency modes of about 600
Hercz(cycles /sec). When the same iumped elements were used
to represent the LM-RCS, the module containing the three
clusters of non-£firing engines had a line branch ovexr {ifteen °*
feet long. Hence, this module should have responded to fre-
guency modes up to about 100 Hertz. If one considers a 10

millisecond pulse to be a disturbance of 20 millisecond funda-

mental period, then the fundamental mode of this disturbance
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has a frequency of 50 Hertz. Thus, the 100 Hertz limitation

of the simuLation renders the response to the second harmonic
questionable and the response to modes of higher frequency
~unacceptable for a 10 millisecond pulse. Nevertheless, 10 m.s,.
pulses were used for computational economy since the fundamehtal
was represented in the larger module and at least relative
effects of disturbing modes of higher frequency would be re-
flected in other modules which were more finely lumped.

The specific form of the equations for the lumped region
between two adjacent friction joints is based upon mass and
momentum considerations as would be the case if a distributed
description were obtained. However, in the lumped description,
it is not possible to account for mass and momentum simultane-
ously at the same point in the module. Mass and momentum are
alternately accounted for in a fashion that keeps the module
balanced. ,

When considering mass conservation, allowance is made for
fluid entering and leaving the module at different rates; but
the mass accumulation permitted by liquid compressibility and
pipe elasticity is considered to be uniform in space at a given
instant of time; i.e., the pressﬁre is instantaneously uniform.

The result is a capacitive effect.
(3) W, -w._, =c 32

where C, the fluid capacitance, is defined as the ratio of the

rate of fluid accumulation to the rate of pressure increase,

In a simple elastic pipe the capacitance is
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(4)
v
C = 32
where v is the volume of the module and a is the acoustic

velocity in the fluid. It is given by

(5)
a = VBe7p

Neglecting the effect of axial stresses in a thin-walled pipe,
the equivalent bulk modulus is related to the fluid bulk

modulus and the pipe elastic modulus by

(6) S 1 .
By B E(D,/Dy -I)

Momentum considerations are based on different pressures
at the two ends of the frictionless region producing an accele-
ration of the fluid in the region suchk that the flow rate
through the region is instantaneously uniform throughout the
region. The regult of the inertia of the fluid is production
of an inductive effect,

{7)

AP =1 W
iinertia de

where L is given by

{8) oo fan
A

A balanced arrangement of these frictionless lumped elements

is conventionally obtained by splitting either the total capaci-

tance or the total inductance of the module into two equal parts

and placing them symmetrically on the ends of the element
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which is not split. When the friction at the friction joints
is attached to the two ends of the frictionless module, one
obtains a module of lumped elements capable of representing
flow in a region with friction. A friction element is represent-
ed by equation 1 or 2 which is more conveniently expressed as
(9) AP = RW|W|

friction
where the velocity has been replaced by its equivalent V = W/pA
{the absolute value in equation 9 is for keeping track of flow
direction) and R contains‘the other terms in equation 1, or

>

{
APleriction

(10) R = 3

=

With each element now described in terms which‘arehanalogous
to non-linear electrical circuit elements, the entire module can
be represented as a two-port (four-terminal) network. Network
equivalents fors the two types of modules--split capacitance
moduie and split inductance modulie--are shown in Figures 5 ané
6. The equations for the elements of the modules are also indi-
cated in tne figures. By combining the equations ©f the module
elements, a pair of network differential equations may be
obtained for each module. The resulting eqguations implicitly
contain pressures as outpuc and flow rates as input for the
split capacitance module. For the split inductance module, the
converse is the case as the outputs are fiow rates for input
pressures., This characteristic is utilized in selecting one
of the two types of modules.

Propellant supply tank pressures were treated as known
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constants in the present analysis. With this information as
input, a split inductance line module connected to the tank
represented the feed line }eaving the tank. The outputs on
"both ends of this module were flow rates. Thus, a split capaci-
tance line module represented the next lumped region of feed
system piping. This module utilized as input the output flow
rate of the split inductance module. 1Its output was the pres-
sure required for the input of the split inductance module.
These two modules for the LM-RCS represented the entire 5/8-inch
diameter feed line to the Y-block of the firing engine as well_
as all feed lines to non-firing engines. The 3/8-inch diameter
line from the Y-block to the firing engine was considered to be
part of the injector inlet for the firing engine (Engine #13).
A schematic representation of one propelliant feed system is
shown in Figure 7 with arrows indicating input and output infor-
mation for each module.
Injectors

The equations for the basic liquid fiow elements in a
single pipe line were presented in the preceeding discussion
of the feed system. . The elements can be classified as resistors
{(friction elements)}, capacitors (mass accumulating elements),
ané inductors {mass inertig eiements). A resistor was repre-
sented by Equation 9. The description of a capacitor was given
in Equation 3. Equation 7 gives the relation for an inductor.
For the injector, the same ideas can be used, but due to fluid
phase changes a more complex interpretation must be applied.

Modules for a flow device may be constructed by combining
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the elements so that the steady flow relation between pressure
drop and flow rate determines the resistance, R; transient
pressure drop due to inertia determines the inductance, L; and
the mass accumulating characteristics of the device determines

the capacitance, C. If the fiow device is complex, the parameters,
R, L, and C will probably ?e non-iinear (i.e., they will depend
upon P and/or &). Such a procedure for representing flow devices,
particularly as a schematic representation of the device, may be
of great convenience but is purely artifical and only as good as
has been the consideratioﬁ of the actual physical processes.

As the engine injectors of this study are complex flow devices,
the resistive, inductive, and capacitive elements may pe of the
above mentioned non-linear type. .

A schematic diagram of an injector for this study is shown

in Figure 4. Because an inlet iine to the injector is only

k-

3/8 inch in diameter anG 10 incnes in length, its capacitance

is negligibie. Thus, an inlet line has only inductance, Ll’
and resistance, Rt' Iin adaition to the line resistance, <the
inlet vaive is represented ny & time variable resistor K.

Downstream from the valve, the fiuid fills the tube ieading

toc the preigniter cup. (See Figure 3). 1In addition to some

th

zuid flowing out the preigniter intc the chamber; most of the
fiuid fiows through a parailel branch into the injector manifolid
feeding the main injector orifices. The dribbie volume of the
injector--the volume of propellant which can be trapped in the

cavity between the valve and the chamber--is composed of the

volume of the preigniter tube and that of the injector manifold.
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Since accumulation occurs in the dribble volume regions during
start-up and depletion during tail-off, they are represented

by capacitors. However, in the actual computer calculations,

the preigniter capacitor Cp was omitted since its capacity was

an order of magnitude smaller than that of the manifold during

a very short filling period and zero thereafter. The large
length to diameter ratio of the preigniter tubes makes their
inductance significant and accounts for the constant preigniter
inductor, Lp, shown in the schematic (Figure 4). The orifices
between the preigniter tube and the injector manifold are repre-
sented by the resistor, Ry, between the preigniter capacitor, Copr
and the manifold capacitor C. The resistor, Ry, between the
manifold capacitor and the combustor represents the main injector
orifices.

The following discussion applies to the physical processes
represented in the elements of the above described injector
module. Liquid and vapor phases were considered. All processes
in the injector were treated as isothermal and transitions as
quasistatic. The propeilants were presumed to be at 70°F. The
vapor pressure at that temperature was used as the sole criterion
determining the phase. For pressures below the vapor pressure,
the value of a capacitor was based on its contents being an ideal
gas. For pressures above the vapor pressure a capacitor was
assumed to contain only liquid propellant. A small iiquid volume
in a rigid container has a negligible capacitance. When the
pressure in a capacitor was equal to the propellant vapor pressure,

liquid and vapor phases were considered to coexist, and the
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capacitance was unlimited (a Dirac delta function) until the
volume contained either all liquid or no liquid. If W is

the liquid propellant mass in the cavity when it is full of lig-
uid and W, is the vapor propellant mass contained by the cavity
when it is full of vapor at the vapor pressure Py, then the
capacitance of the injector cavity is represented by the follow-

ing function of cavity pressure:

(11) ¢ = g-Z—[l - U(prv)] + (W~ W) [6(p_pv)]
where U and § are respectively the unit step function and the
Dirac delta function. Substituting this pure function of
pressure into the fundamental capacitor equation, Equation 3,
results in

(12) Weavity = épCdP

This integral was evaluated and is shown in Figure 8. The
integral in Equation 12 was used as a table in the program for
determining cavity pressures. The table look-up was based on
net integrated mass flow into a cavity.

The resistor (R,) leading from the preigniter tube to the
manifold cavity and the resistor (Rp) between the manifold and
the combustor were given phase dependent characteristics. For
a constant orifice coefficient, the resistance is inversely
proportional to f£luid density. The gas phase density was esti-
mated as 1/100 of the liquid phase density. Hence, a gas phase
resistance of 100 times the liquid phase resistance was used.
All iiquid phase resistances were based on pressure-drops and
flow rates during steady state engine operation.* The value

* Obtained from Mr. Doug Sedgley, Reaction Control Section, Grumman
Aircraft Engineering Corporation, Bethpage, Long Island, New York.



TWG ~ PHASE
-CAVITY CAPACITOR

PRESSURE vs, MASS

- sioPE = I o
C
o
b
/
R [~

! |
i |
i
i i
Wy W,

FIGURE 8

21



22

of a two-phase resistance was based on the pressure of the .

upstream capacitor. Thus, R; was dependent upon P, and Ry

P
depended upon P, (See Figure 4).

Several schemes were investigated for changing the resis-
tance of an orifice when its upstream pressure reached the vapor
pressure. The presence of a gravity field on an up-firing
engine with guasi-static fiow would require that a cavity be
completely filled with liquid before allowing liquid to flow
through its downstream orifide. In a down-firing engine, an
orifice would flow liquid as long as its upstream cavity con-
tained any liquid at all. Essentially, both of these schemes
were used. They provide the criteria for changing the phase
of the flow through an orifice without simultaneously consider-
ing both phases. They also provide two extremes for treating a
mechanism which has been experimentally observed to greatly
influence tail-off phenomena and the associated generation of
spike-inducing intermediates. Computationai instabilities
associated with the suddenly shifting resistors caused several
modifications in the above schemes. One modification was in
eifect oniy when the engine valve was open. Under this condi-
tion, the resistance Ry was allowed to decrease linearly with
increasing liquid mass in the upstream cavity. Another modifi-
cation inhibited backflow through the main injector doublets.
{(The combustor model would treat such flow as replenishing the
injector with unburned propellant from the combustor.) An
additional modification was the previously mentioned elimination

of the preigniter capacitor. With this alteration, R, was made
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dependent upon the manifold pressure Pyp. For P, equal to or
greater than the vapor pressure, the liquid value of R, was

used. Otherwise the gaseous value was employed.

. Combustor

A slightly modified version of the General Electric
Company's combustor model (Reference 2) was employed in this
study. The model was based on mass conservation in the com-
bustion chamber. The‘chamber pressure during combustion was
determined by a mass balance on gases generated from the
injected liquid propellants and gases escaping through the
nozzle. The efflux through the nozzle was determined by the
chamber pressure and the characteristic velocity. The charac-
teristic velocity was treated as a pure function of the mixture
ratio of propellant generated gases. The propellant gas
generation rate was determined from the liquid injection rate
retarded by time, T, a variable time delay.

The time T was the time for which propellants were inert
during a fictitious process following injection. At time <
after injection the process instantly converted propellants into
gaseous combustion products having a characteristic velocity
dependent upon the propellant mixture ratio at the time of con-
version. This fictitious process utilizing the combustion time
delay was a simplified way Bf representing the rate processes
of atomizgtion, mixing, evaporation, and reaction. When the
controlling rate process.is that of vaporization, the model well
represents the effects of the chamber processes (Reference 6).

The equation for the combustor pressure was:

-
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CHARACTERISTIC VELOCITY FOR ANALYTICAL COMBUSTOR MODEL

R, (Ratio) Cc* - ft/sec

T

N

2925
3450
3985
4450
4990
5170
5300
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oxidizer and the fuel system were each represented by two line
modules and an injector module. A tank provided a constant
pressure input to a split inductance line module which in turn
provided a flow rate input to a split capacitance line module.
The downstream pressure output of a split capacitance line
module was input for an injector module. The upstream output
of the injector module was the flow rate input required on the
downstream side of the split capacitance line module. The
downstream output of each injector was the flow rate of its
propellant. The ratio of these two outputs provided the
mixture ratio

R, = Wox

(17) Wp

and their sum gave

(18) W, = Woyu + Wp
These inputé.for Ehe combustor model determined chamber pressure
which in turn was required as input to the injector module.

The nomenciature and values for model constants for the
computer program are presented in Appendix C.

Appendix D contains a logic flow diagram and a listing of

the program.
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RESULTS

Hybrid (Analog-Digital)

This contract required programming and computing to be
performed at the MSC. Hybrid techniques were recommended.
However, acceptable results were never realized for computations
reasonably representative of the model. Although general areas
of difficulfy could be detected, the complex interconnection
systems between the digital and analog computers imposed both
random and variably biased errors on the computations which
never permitted satisfactory alleviation of the computational
difficulties. The results of these attempts are not presented
in this report. They are contained and discussed in Reference
7, the final report prepared by the hybrid simulating personnel
at MSC.

Digital

To utilize the excellent error diagnostic capabilities of
digital computers, the equations of the system elements were
programmed for a CDC 3300 digital computer. After minor modifi-
cations, stable computations were achieved. Forward differences
with a time step size of 10 microseconds were ultimately employed
with complete system data output every 20 steps (each 0.2 milli-
seconds). This resulted in approximately three milliseconds of
reasonably well simulated engine life per minute of digital
computer time. This high rate of computer_time consumption
severely limited the scope of the simulation, but it was neces-
sary for the representation of rapid valve actuation. The

speed of thesé same calculations would have been increased
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by a factor of about 20 had more sophisticated computing
machinery of the type normally utilized by NASA been employed.
Nevertheless, in view of the time consumed by the hybrid com-
‘puting attempts at MSC and the effort expended in digital
programming by the contractor, employment of the above mentioned
computing procedure served as verification of the simulation
techniques and enabled realization of contract objectives.

Diagnostics of the early digital attempts led td the previ-
ously discussed alteration in shifting the injector manifold
resistors during the pre-ignition period of operation. Reduction
of the main orifice resistors at a rate linearly dependent upon
dribble volume liquid content during open injector-valve engine
operation produced acceptable stability in the simulation.

The simulation became insensitive to finite difference
approximations of rapid transients with the use of 10 micro-
second computatibn intervals.

Extreme backilow occurred through the main injector orifices
immediately following chamber ignition. This ignition was caused
by flow through the preigniter jets. The single combustor model
employed could not distinguish between preigniter and main
chamber combustion. Consequently, any backflow was treated as
a liquid propellant backflow. This backflow entered the main
injector orifices because its dribble volume was not yet filled
with liquid. According to the injector model, the dribble volume
remained at the propellant vapor pressure. In reality, any back-
flow from the chamber after ignition would consist essentially

of combustion product gas. A very small mass of this gas would
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provide appreciable pressurization of the dribble volume prevent-
ing further backflow. Since the combustor model in its prevail-
ing form did not allow for product backflow, this physical con-

- dition was more closely approximated in the model by inhibiting
the backflow through the main injector. The resulting charac-
teristic ignition transient in the simulated chamber pressure

is compared with experimental data in two cases (runs 1 and 3).
The general characteristics of the results are very good for

a first computing success with the model.

Fifteen simulated ﬁest runs were planned, and their required
data input were prepared. As computing time became critical
several of the less interesting runs were aborted. Manual
plotting of all of the huge quantity of output from the runs
would have been’prohibitive. Selected results representative
of the simulation were plotted and are included in this report
in Figures 10 tﬁrough 27.

All figures have a common abscissa of time--10 milliseconds
per inch--starting from the beginning of the first valve opening
motion. Each valve was assumed to travel its full stroke (at
constant velocity) in 1.5 milliseconds. Periods from the begin-
ning of valve opening until the completion of valve closure are
indicated on the chamber pressure plots for each run by F-valve
for open fuel valve and 0-valve for open oxidizer valve. The
boundaries of the open fuel valve periods are vertical solid
lines on all figures. Similarly, vertical dashed lines indicate

the boundaries of periods during which the oxidizer valve was open.
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Discussion pointing out inadequate details of the

plotted results follows:

Runs 1 and 15

Run Number 1 represents a single 12 millisecond nominal
duration pulse. The fuel valve led the oxidizer valve by
2 m.s. during opening and it led 0.7 m.s. during closure.
Propellants were considered pure. The injector resistors
shifted in the manner simulating an up-firing engine attitude
during the tail-off period following closure of the valves.

The two peaks in the chamber pressure of Figure 10 are
due ﬁo preigniter ignition--~23 psi--and the reaction following
the commencement of main doublet liquid flow--110 psi. At the
completion of fuel valve closure, the pressure falls sharply
to a near zero value., The simulating engine then "chugs" at
5 to 10 psi levels for the remainder of the run. This
"chugging" is dué to the vapor pressure of the propellants
driving the propellant into the combustion chamber.

Plotted on the same chamber pressure graph--dark dashed
curve--are experimental data from an actual 14 m.s. pulse of
Engine 13 (data from a 12 m.s. pulse was not available). It
is easily seen that pressure fluctuations in the actual engine
are not as abrupt as those of the model.

All runs except run 15 were performed with the linearized
combustion delay time (1) model for improved calculation
efficiency. Run 15 duplicated run 1 but used the forward

differences to solve the differential equation for tv. Only



minor differences were observed during some of the severe
fluctuations. The chamber pressure results of run 15 are

plotted as a fine dotted curve superimposed on the results

of run 1.
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The oxidizer to fuel mixture ratio of run 1 is also shown

in Figure 10. Values greater than 10 were not plotted. The

mixture ratio is high--around 5--during dribble volume filling

when the only liquid injection is due to preigniter flow.
Pressures in both the fuel and the oxidizer injector
manifold dribble volumes are also presented in Figure 10.
Figure 11 presents Run 1 pressures at three locations in each
propeliant feed system. The top graph of the figure is for a
location just downstream of the valve in the preigniter tube.
The middle graph gives pressures on the upstream side of the
valve, and the lower graph presents those at the Y-block. A
sharp maximum feéd line pressure of 370 psi occurs on the up-
stream side of the oxidizer valve at the time of complete
valve closure. This is followed by smooth maxima of 285 psi
in both the upstream valve position and the Y-block position

which is more indicative of actual system behavior due to its

iocation in the feed line module. Severe derivatives in the

neighborhood of a maximum at the valve location would indicate

wave generation activity, but high precision in the indicated

intensity would not be expected.

Mass flow rates at four locations in each stream are shown

in Figure 12. Note that the ordinate readings, in pounds per
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second, apply only to the oxidizer flow. An ordinate reading
must be divided by a factor of two before it applies to a fuel
reading. This was done because of the design mixture ratio
being 2.0. The top three graphs pertain to the main propellant
flow respectively at the tanks, the valves, and the main injec-
tor doublets. Their scale is one pound per second per inch for
oxidizer or 0.5 pounds per second per inch for fuel. The
lower graph pertains to the preigniter flow and its scale is
only one tenth that of the other mass flow rate graphs.
Run 2

Run 2 was identical to run 1 except a down-firing engine
attitude was represented during the tail-off period.

The only results presented for this run are in Figure 13.
- The figure contains chamber pressure, mixture ratio, and
dribble volume pressure. Note that due to faster dribble
volume emptying the tail-off "chugging" is more intense than
that for the up-firing engine. This is in qualitative agree-
ment with engine test results.

Runs 3 and 4

Runs 3 and 4 represent firings of nominal 40 m.s. pulse
width. Run 3 is for an up-firing attitude and run 4 is for a
down-firing attitude. Run 4 was terminated shortly after
valve closure.

The only results presented (Figures 14 and 15) are those
of chamber pressure, mixture ratio, and dribble volume pressure.
However, experimental data from a 50 m.s. pulse is compared

with the chamber pressure of run 3. Again the actual engine
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pressure transiti~ns are not as abrupt as those of the model.

A significant observation is that of chamber pressure
frequency. Both experimental and model data have a fundamental
frequency whose period is about 18 to 20 m.s. However, the
experimental data has a second harmonic of about 2.5 m.s.
period which is not seen in the model data.

Run 5

Run 5 simulated two, 18 m.s. nominal pulses. Nominal
off time between pulses was 20 m.s. Engine attitude was ué—
firing. Other data was as that of preceeding runs.

Chamber pressure, mixture ratio, and injector manifold
dribble volume pressure are shown in Figure 16. The second
pulse differs from the first due to incomplete dribble volume
emptying during the short off time. There are similar dis-
tinctions exhibited in test data.

Figure 17 shows the total mass of each propellant remain-
ing in their dribble volumes during the run. It also shows
the variation in combustion time delay, T.

Rans 6 and 7

These two runs each had two, twelve m.s. pulses with
twelve m.s. off time between pulses. However, during both
valve opening and valve closure, the oxidizer valve led the
fuel valve by two m.s. Run 6 represents an up-firing engine
while run 7 is for a down-firing engine.

Three pages of graphs, Figures 18, 19 and 20, are shown
for run 6. Only the standard chamber pressure, mixture ratio,

and injector manifold pressure graphs are presented for run 7
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in Figure 21. Note that with oxidizer leads the fuel dribble
volume fills just prior to valve closure for a twelve m.s.
éulse. This inhibits chamber ignition.

Oscillations in the feed line pressures appear to have
primary frequencies of 56 Hertz in the fuel and 50 Hertz in
the oxidizer feed line. These are approximately twice as large
~as indicated by test data. 1In addition, the near discontinu-
ities in the upstream valve pressure coincident with valve
closures are more indicative of the computational instability
tendencies than of any physically reasonable system activity;

Run 12

In this run, the capacitance representing the feed lines
for the three clusters of non-firing engines was reduced by
75 percent. The engines were up-firing with two, twelve m.s.
pulses and 10 m.s. qff time. The fuel valve opened leading
the oxidizer valve by 2 m.s. The fuel valve lead during
closure was 0.7 m.s.

Figure 22 shows that the levels of chamber pressure
attained with the harder feed system were more intense.

Figure 23 shows that the pressure excursions in the feed
lines were significantly more intense and of a siightiy higher
frequency than for the nominal system.

A siight redguction in amplitude of tank flow oscillations
but an increase in frequency is shown in Figure 24.

Run 14
The engine operating conditions in this run are the same

as those in run 12. In this case, the nominal feed system is
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used but the propellants in the feed line are presumed to
contain entrained helium in the amount of 1 percent by
volume at 70°F and 175 psia.
Engine performance is very rough during the first pulse. ,
Note that a larger scale had to be used for chamber pressure
in Figure 26. On the other hand, the feed line excussions
were very smooth as can be observed from Y-block pressures
in Figure 26. This is due to the accumulator effect of the
entrained helium. Line frequencies are somewhat reduced in
this run, but they are still higher than experimental values;
i.e., 26 Hertz for fuel and 20 Hertz for oxidizer. !
Figure 27 shows much smoother flow rates in the feed

lines due to the entrained helium.




CONCLUSIONS

The number of lumped feed line elements utilized in the
digital program for this study was insufficient for high
precision. Nevertheless, reasonable amplitudes were realized

excepnt during extreme transients. Some frequencies could

-

1

nave been off by a factor as rhigh as two.

.

The combustor model, relying upon mixture ratio only for
characteristic velocity, performed well at high pressure but
was incapable of representing the chamber pressure when oper-
ating conditions were greatly different from steady state
design conditions. Careful evaluation of the results indicated
that the typical experimental chamber pressure decay is charac-
teristic of the emptying-tank effect of the chamber volume.

No allowance for this was in the combustor model.

Large backflow tendencies from the combustion chamber to
injector were detected following preigniter ignition and during
tail-off. Such flow and its apparently significant effects on
injector pressurization, main chamber ignition, and chamber
pressure build-up were not anticipated or properly taken into
account in either the injector model or the combustor model.
However, their significant role was identified in this study.

The attempted simulation produced results in such detail
that it provided insight into the engine's complex operation
and permitted considerable evaluation of the model. Compari-
scns with experimental measurements suggested physical mecha-
ms potentially responsible for discrepancies between ta

rodel and the hardware.
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. The results indicate that the models are not yet ready
for precision simulation utilization. This analytic procedure,
however, may be used to indicate qualitative c¢hanges in propul-

sion parameters caused by hardware changes or anomalies.
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RECOMMENDATIONS

It-is considered that the general qualities of the simula-
tion are valid. Several details are inadequate for desired
precision. The behavior of the various models was too complex
for analog computations, and it readily indicated weak points
once digital computations were employed. However, on a digitai
computer model alterations were not as convenient as on an
analog machine for which many of the models had been designed.
As an alternative to employing clumsy model alterations, a
model simplifying computer logic was utilized. Nevertheless,
the results did show that gas injested propellants (or dis-
tributed accumulators) reduces the severity of feed line
oscillations.

To more effectively utilize the advantages of digital
machines, it is recommended that the entire simulation be
expanded and detéiled as a second phase of the study in which
systematic improvements are made based on the knowledge and
results gained in this stugy. Suggested modifications for
each type of model will be given.

Feed Lines

If a sufficiently large number of lumped feed-line elements
are used, they will give good performance. However, lunping
involves the discretization of the spatial variation of the
flow properties. Numericalizing the resulting ordinary differ-
ential equations for digital computers makes time a discrete

variable. Difficulty arises if the discrete units of space
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and time are not properly related. Digital methods are now
available for treating this problem by the method of charac-
teristics with non-linear friction included (Reference 3).
Furthermore, the method makes the need for explicitly lumping
parameters unnecessary. The acquisition and utilization of

a good, versitile program for metinod of cnaracteristic solu-
tions 1is recommended for tihne feed lines.

Injectors

The development of a general flow model based on a dribble
volume considered as a tank is recommended. The tank should
be capable of containing not only reactable material in both
liquid and vapor phases, as in the present model, but also
inert material in the gaseous phase to allow for combustion
product backflow.

The resistive elements separating the dribble volume from
the remaindexr of the injector should be capable of flow in any
direction of any type of fluid. In addition, the flow through
the preigniter and that through the main orifices should not
meet prior to reaction. They should be coupled through a dis-
tinct preigniter combustor discharging into the main chamber.

Speciiically, it is recommended that various multi-phase
tank-orifice models be studied on a digital computer until flows
of the types seen to be necessary in this study are attained.
Combustor

It is recommended that two distinct combustion chambers
be employed, one for the preigniter and one for the main chamber.

The characteristic velocity should be dependent not only
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upon mixture ratio but also upon chamber pressure. This

should be done so that % 2 pressure in the chamber cannot
drop faster than the chamber can empty its contents to a

vacuum through a cnoked nnzzle.

The time delay mechanism should also be strengthened
so that it is compatible with tihe remainder of the reaction
model. A zero pressure ignition delay in the chamber (as
employed in the present General Electric model) 1is unreason-
able. The ignition delay is that at the chamber pressure
prevailing when ignition occurs. The pre-pressurization is
due to vapor in-flow from the injectoxr, cuoked out-flow
througih the nozzle, and ultimately preigniter combustion

exhaust as far as the main chamber is concerned.
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APPENDIX A

Fundamentals of Lumped Parameter Equations

The formulation of the flow in a propellant system
requires a consideration of fluid dynamics, thermodynamics,
and the geometrical and mechanical characteristics of the
propellant feed-system structure. Since the flow variables
are functions of both time and spatial coordinates, the
formulation that foliows is developed from simplified fluid
kinetic and thermodynamic theory and the system structure
is treated as straight thin-walled piping.

The five basic equations utilized follbw.

Flow Geometry:

(1) W= fé . as
A

> -
where G = pV,

Continuity:
a [,
v dv + §-d§=0
(2) at LP 'L
Momentum:
(3) IF = 4 Lgdu + L?(E-dé)

where v is the control volume and S is its surface area.
Thermodynamic state:

p = p(P)
i.e., a barotropic relationship is presumed to exist. It is

described by the bulk modulus for the appropriate process
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(4) B=pdE

Piping Structure:

da A ap

(5) dt = E(Dg/p; - 1) dt

The simplification of the above system of equations
_results by judiciously lumping parameters, i.e., using
spatially averaged values of certain properties in various
equations. This procedure is justified for small spatial
regions and thus requires a large number of such regions
to represent an entire flow system.

Letting p be the average density over a small one-
dimensional control volume, v, of length A1 and time-
~dependent, spatially-averaged, cross-sectional area A,

equation (2) reduces to

GO R WP N R P

But from equation (5]

(7) dv _ dv dE _ M QE __V dp
dt ~ gx dt ~ dt =~ ETDO/DZL - 1) dt

Also, equation (1) results in

> > > s > > . .
(9) JG'dS = Jc-ds - Ls-ds = Wp=Wa
s Ab a
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where the subscripts a and b refer to the cross-sectional
surfaces through which fluid enters and leaves v respectively,

Substituting (7), (8) and (9) into (6) yields

(10) vp dP up ar _ _ o
B dt * E(Dg/pi-1) dt ~ Y
or
(11) vp dF _v_dP _ - ¢
Bg dt 2 dt = "a b

where the equivalent bulk modulus, By is

(12) 1/ = 1/ * 1/E(Do/pi-1)

and the velocity of propagation, a, of a small pressure
disturbance in the fluid medium of modulus B contained in
an elastic pipe of modulus E with inner and outer diameter

Di and Do respectively can easily be shown to be
(13) a = VBg/p

A final form for (ll) is

) ° - dP
(14) | Wo =W, =C &

\

which is equivalent to a lumped capacative element of an
electrical circuit. P represents the instantaneous pressure
most representative of the lumped region and C is the capaci-

tance of the region. C=Y_ in a simple elastic pipe
a?
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or in a more complicated situation can be phenomenologically

defined by equation (14) so as to insure the mass continuity

for all fluid states in a conduit of some charwﬁteristic

structural integrity and geometry. b-
Equation (14) has utilized all of the basic equations

of the system except the momentum equation, (3). For one-

dimensional flow, the momentum equation in the direction of

flow simplifies to
e - O 2
(15) ZF = HE(DAAIV) + pbAbV% - paRaVia

The resultant external force on the small region is presumed
to be due to surface forces only. These are:

Pressure force on upstream end = P_Aj,

pressure force on downstream end = -PpAp

»

pressure force on lateral surface = jP Sin o ds
S1

24

P Sin o AS,

’
friction force on lateral surface

R

JTsCos o dSs
s1

1 Cos a AS,

where o is the angle of divergence of a small region of the
fluid conduit and 14 is the shear stress at the lateral sur-

face AS,. Thus
(16) JF = PoAz - PpAp + P Sin o ASy - Tg Cos a ASy

Substituting {16) into {15} and using the delta operator

AQ = Qy - Q4 we arrive at

(17) -A(PA) + P Sin o A8y = T Cos o 48y = J-(PAMT) + 4(pAV?)

aw
AlaE

]

+ A(pAv?)
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or rearranging

(18) -ap = AL G4 VAL p5 o W avay + B (aa - Sin a ASq)4s
% i A A

+ Is cos a AS1A
A

For low velocity flow, the second term on the right side of
(18) may be neglected without introducing significant error.
The resulting equation represents the spatial pressure change
as a quantity dependent upon two types of functions, a spatial
function and a rate function.

The spatial function

—

(19) -APg = g AVAL + % {AA-Sin o AS1)Ar + EE Cos o AS1A1
A

depends upon friction, flow geometry, and the fiuid state.
It exists during steady flow and is identical to steady-flow

pressure variations. In steady state fluid mechanics it is

customarily represented in the form of a flow resistance as
(20) -APg = RWiWl

where, in a simple case, R=f — z%xz

The rate function

aw

(21} -Ap, = AL
A at

is purely a transient phenomena. It may be represented as a

lumped inductive element in the form

(22) —Apt = L

where L = fﬁl

A

QulQ-
ot =.
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Thus the reguirements of the momentum equation are

completely satisfied by equations (18), (19), and (21)

(23) AP = APg + APt

Substituting from (20) and (22) yields

(24) P, - Pp = RWIWl + L g%

where W represents the mass flow rate most representative
of that in the lumped region, R is the steady state frictional
resistance and/or flow coefficient, and L is the equivalent

inductance L = Igl
A

One may consider a flow passage as a distribution of
non-interacting capacitive, inductive, and resistive elements
each partiaily satisfying the system of equations (14) and
(24) . Insofar as spatially averaged variables are utilized
in the equations, it is seen that this process is one of
lumping a distributed phenomena into a finite number of
single elements. Thus, the use of a larger number of elements

produces a better representation of a flow system.
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APPENDIX B

Linearized Combustion Delay

The equation for the effective time delay, t, between
propellant injection into the chamber and the generation of
combustion product gas, based on vaporization controlled

reaction of hypergolic propellants, is (Reference 2)

dt (¢) (t)
3 =1 by

The rate function, g, depends upon chamber pressure (Reference 6).

In this study, g is normalized with respect to its value for zero

pressure ignition, i.e., for P = 0, g = 1 and 1 = To (Reference 2).

An approximate solution of the above differential equation

is obtained by expanding T in a Taylor's series.

oy at(t),_ a2t (t) (-1)2
T({t~-T) = T(t) + o (-1) + 32 — + ...

Neglecting second and higher order terms gives

dr(t) . 1(t) - t(t-1) - 1 - t(t-1)
dt T Tt (t)

Substituting this in the first above relation yields

T(t-1)g{t-t) = t(t)g(t) = const = 14
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APPENDIX C

Computer Nomenclature and Model Constants

The nomenclature used in the computer program for
pressures, flows, and element parameters is shown in Figure 28.
Note that the letter "0" distinguishes between an oxidizer
system quantity and the same quantity for the fuel system.

Line properties for nominal runs are in table C-1.

Values which were changed for special runs are shown in
table C-2.
Propellant properties, injector parameters, and combustor

constants are given in table C-3.
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TABLE C-1
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L/M-RCS FEED SYSTEM PARAMETERS BASED ON ENGINE #13

(NOMINAL)

FUEL OXIDIZER
RESISTANCE - (LBF-SECZ)/(IN2-LBM?)
R1 3.57 RO1 1.99
R3 10.37 RO3 5.92
RS 1386 RO5 40.815
R8 389000 ROS 17600
CAPACITANCE - (LBM - INZ)/LBF
c2 26.86 x 107° co2 49,905 x 1076
c4 2.824 x 107° co4 4.78 x 107°
cs 2.824 x 107 co5 4.78 x 107°
INDUCTANCE -~ (LBF - SEC2)/(LBM-INZ?)
ALl .2110 ALO1 1641
AL2 .2110 ALO2 .1641
AL4 7221 ALO4 6565
AL6 .28031 ALO6 .28031
ALY 1.83 ALO9 1.32
TANK PRESSURE - LBF/INZ
PT 175 POT 175




(SUBSTITUTED VALUES FOR SPECIAL RUNS)

L/M-RCS FEED SYSTEM PARAMETERS

c2 9.077 x 10”8
C2 145.0 x 10°°
c4 15.25 x 10°°
c5 15.25 x 10°°

TABLE C-2

RUN 12

RUN 14

70

Co2 15.878 x 10~°
co2 235.5 x 107°
co4 22.55 x 10°°
co5 22.55 x 10~




TABLE C-3

L/M~RCS ENGINE PARAMETERS

AND PROPERTIES FOR SIMULATION

71

FUEL 0X
INJECTOR R, - (LBF-SEC2)/(IN2-LBM?) 1229.0 4.0149
INJECTOR Ly - (LBF-SEC?)/(LEM-IN?) 0.28031 0.28031
LIQUID R, - (LBF-SEC2)/(IN?-LBM?) 1650.0 284.0
LIQUID Ry - (LBF-SEC?)/(IN?-LBM?) 1875.0 617.0
R, - (LBF-58C?)/ (1N%-1BM?) 389000 - 17600
L, - (LBF-SEC2) / (IN®-LBM) 1.83 1.32
Valve Resistance, Ry = 1/(Kvx2)
K, - LBM%/(LBF~SEC?) 1.063 3.455
VALVE STROKE, X-IN 0> .02 0~ 02
PREIGNITER VOLUME - INS3 7.17352x1073 5.2666x10™3

MANIFOLD VOLUME - IN3

37.07683x10"

3 B

30.4761x103

VAPOR PRESSURE AT 70F - LBF/IN? 2.2 15

VAPOR DENSITY AT 70F P, - LBM/INS 107> est .0326
LIQUID DENSITY AT 70F - LBM/INS .0326 .0522
LIQUID BULK MODULUS, B - LBF/INZ 15.308x10% 12.912x10%




TABLE C-3 =~- continued

COMBUSTOR CONSTANTS, K - (IN?/LBF)™ 1.26
n - DIMENSIONLESS 0.4
uC* - 1/0.491
[AtRTc} ¢ F
1/A¢ - (LBF-SEC2)/(LBM-FT-INZ) 0.053
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APPENDIX D

COMPUTER PROGRAM

A flow diagram showing general features of the computing
logic employed is in figure 29 (parts A and B).

A detailed listing of the program follows the logic

diagramn.
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31/32/3300 FORTRAN (3.0)/MS0S

sUsruU vt PR ( AMm o P10 9 P8 s PCHN o W1l 9 XF 9 DOV )
St = «0ul69 / 10000

vel = Luul2l

St = U007y / 10000,

FVE = el

ohl = FVE % S

nng = oKl o+ DEL

It Am - orRl ) 10 9 10 » 15

FiU = XM/ sl

AMV=E Ual

GO Tu 30

IF{ A = pRZ2 ) 20 9 20 9 25

LF( AF = «000000UL) 50 » 50 4 45

Fl0o = FVF

GO Tu 30

Flu = PVF

ol lu 3u

W o= SURIF{ ABSF( ( PB=PCHN) / 3525 ))
PLU = Po = ( 1650e % w¥%2) # ( P8=PCHN) / ABSF (P8=PCHN)
AMV= yel

1r(PLu = PVFE ) 40 9 40 s 30

A = 0000000014

wE FUren

CiNU
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31/32/3300 FURTRAN (3.0)/MSOS 03/05/68

SUBRUUTLINE PRO ( AMO 9 PUL0O o PUB 9 PCHN s WO11l » XO 9 DT )

SLL = «001l47 / 10000,

el = «U001H69

SLE = +ui0ido 7 10000,

FVF = 15

BRL = PVF % SL1

nRe2 = KL + DEL

LF O AMd = g1 ) 10 » 10 9 195
POLD = Xm0 / SL1

AMOVE Qed

GO Tu 30

IFO XU = K2 ) 20 9 20 9 25
LF 0 AU = «0000G0001 ) 50 » 50 » 45
PO10 = PVF
GO Tu 30
r0l0 = PVF
GO0 Tu 30
W = SURTF( ABSF{ ( POB = PCHN ) / 901« ))
POLU = POB = ( 2B4, % w ¥%2 ) & (pPO8=PCHN) / ABSF (POB=FPCHN)
AMUVE (el ' ’
IF(roll = PVviE ) 40 9 40 9 30
AMU = R = 000000001
RETURN
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31/32/3300 FORTRAN (3.0)/MSOS

SUBRUUITLINE RSHiF ( XM 9 R10 sr11 9 LIQ

GR1 = Zec ¥ L0016 7/ 10000
pkZ = oRl + Vel

IF ( AMm = BKL ) 10 s 10 » 15

10 = 165000

il = 187500

Lig = |}

6O Tu 340
IF ( XM = gR2 ) 20 9 20 9 25
R1O = 1690

kil = 18/ub2. ~ 153000000, % XM
IF ( AF = «00000001) S50 » S0 4y 30
IF(ur) 60 9 60 9 70
vowiN FIRING EnGINE
R11 = 1l8/(5.
Liw = |
60 fTu su
UP rlIrING ENGINE
rll = 18/500.

Lig =1
GO Tu 30

HK1dU = 1650,
RLil = loloe
Lig = =i
RETURN

END

FORTRAN DIAGNOSTIC RESULTS FOR
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31/32/3300 FORTRAN (30)/MSOS

SUBRUUITINE RSALFO( XMO 9 ROL0 9ROLI1 9 LIQO 9 XO 9 UP )

bl = UUl9ov
okl = 19e ¥ L01470 / 10000,
pRe = BRI o+ DEL

IF ( A0 = K1) 10 9 10 s 15
1¢ KOlu = 28400

KOLL = 61700,

Liwu= 1

GU Tu 30
Iy 1F ( XMU = gRZ ) 20 o+ 20 4 25
Zu KU1 = Z284.

RULL = 62468, = 38900000« % XMU

1F AU = «<0UUUU001l) 50 9 S50 9 30
S50 1F{(Ur) o0 9 60 o 70
C LBOWN FIrkiIne ENGINE

60 RULL = 617,

Llu = |
GO0 TU 3u

C UF FLIrING ENGINE
T0 ROLL = 61700,

Liw = 1

GO Tu 3u
25 ROULlU =284,

KOLL = bl

Liwg=s =1
30 RETURN

END

FURTRAN DIAGNOSTIC RESULTS FOR RSAIFO
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3173273300 FORTRAN (3.0)/MS0S 03705768
SUopxuut Ing "ES | fA s B o9 R s W )

A { PA - Py ) . R
4 AoskE ( PA = Pg ) = «0000000001L

. IF (2 ) 2 4 ¢ 9 1
L

R3SE (X )
W sunfr (Y ) ® X /Y

(LI I T 1 B ¥

GU Tu 3
a W= U.O
3 RETURN
EiNU
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3173273300 FORTRAN

SUdRVUiLive VYalveS (T ¢ AF 9 X0
CRF4s BRUls snUZy BRO3s BKO4,
SL = 4U2 / 0015
FRAC = T / ( 5&F4 + CLODEF )
n = F=AC
L =N
Ll = FraC - £
T = 2L % ( 8Kr4 + CLOSEF )
IF (1 = onFl ) 30 9 30 9 32
AP = UL
Lo U U
F (1 = oRFZ ) 34 9 34 9 30
AF = ( T= OKF1 ) = SL
vl fu U
(F (1 = bKF3 ) 38 9 38 9 40
A = Ualc
GO Tu U
IF 007 = bRF& ) 42 9 42 9 44
AF = 02 = (7T = paF3 ) #* SL
GO Tu sV
AF = UeV
Ir ( Ar ) DB5 4 52 ¢ 55
7 = 1u0U00U00Ve / 0000001
LU Tu o
B = Le / ( 14003 % XF ®%2 )
It b = onul ) o2 9 62 9 04
AU = Ul
-0 Tu B0
IF (1 = a2 ) bbb 9 66 9 68
AO = { | = oA0OL1l ) % SL
60 T oo
tF (1 = BrRU3 ) T0 o 70 9 72
AU = U2
GU Tu 60
IF 7T = BKO4 ) 74 9 74 s 76
AO = W2 = {7 = BRO3 ) % SL
Gu fu By
XU = Uel
IE (AU ) Y0 4 B8 9 90
KUY = 1000000UULe / «000U0O0L
gU Tu 100 .
ROT = 1le / ( 3e4b55 # XO #% 2 )
RETUmN
[AN]Y)

FurTran DIAGNUOSTIC RESULTS
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NOMENCLATURE

2~oustic Velocity in Fluid
Cross-sectional Area

Bulk Modulus

Fluid Capacitance
Characteristic Velocity
Diameter

Young's Modulus of Elasticity
Friction Factor

Force

Mass Velocity

Combustion Rate Constant
Length Measured in Flow Direction
Fluid Flow Inductance
Pressure

Chemical Reaction Rate

Fluid Flow Resistance

(In Combustor Equation) Specific Gas Constant
Oxidizer/fuel Ratio

Surface Area

Time

Temperature

Unit Step Function

:Fluid Velocity

Volume of Fluid Region

Fluid Mass Flow Rate
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Mass Content
Liguid Mass

Vapor Mass

Valve Stroke or Position in Feed Line

Stream Tube Divergence Angle

Dirac Delta Function
Difference
Combustion Delay Time

Shear Stress at Wall

Entrance

Exit

Combustion Chamber
Egquivalent

Fuel

Inside

Summation Index
Liguid
Line
Manifold
Number, (For Combustion)
Outside

Oxidizerx

Preigniter

Nozzle Throat

Vapor

Interaction Parameter
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1 - Upstream
2 - Downstreanm
NCTE
A Bar () denotes the instantaneous value of a spatially

averaged guantity.
An Arrow () denotes a vector guantity.

A (=) denotes a proportionality.
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